Introduction
============

Osteitis is a serious complication in today's bone reconstructive medicine.[@b1-tcrm-12-1387]--[@b3-tcrm-12-1387] To date (July 2011), PROtect-coated tibial nails have been successfully implanted in over 100 patients. In general treatment of osteitis is rather difficult, with the danger for severe complications such as the threat of losing the extremity or even death in cases of sepsis.[@b3-tcrm-12-1387]--[@b6-tcrm-12-1387] Especially, open fractures after high energy trauma are at risk of infections.[@b7-tcrm-12-1387]--[@b10-tcrm-12-1387] Depending on the severity of the fracture, infection rates range from 6% to 33%.[@b1-tcrm-12-1387],[@b10-tcrm-12-1387],[@b11-tcrm-12-1387] Noteworthy is that up to 80% of all deep infections developed in Gustilo grade III open fractures.[@b12-tcrm-12-1387],[@b13-tcrm-12-1387]

Systemic administration of antibiotics is a routine procedure for prophylaxis of infections in orthopedic surgery.[@b14-tcrm-12-1387] Also, systemic prophylaxis has been proven effective; different approaches for antibiotic delivery are becoming more important (antibiotic-impregnated collagen sponges, polymethylmethacrylate beads, and antibiotic-coated implants).[@b1-tcrm-12-1387],[@b15-tcrm-12-1387]--[@b18-tcrm-12-1387] Furthermore, local application of antibiotics allows for higher doses of antibiotics without risking serious systemic side effects.[@b3-tcrm-12-1387] Antibiotic-coated implants could be an opportunity to end the vicious cycle of infection, multiple revision surgeries, and impaired healing by impeding bacterial colonization and reducing the risk of developing a biofilm on the implants' surface.[@b3-tcrm-12-1387],[@b19-tcrm-12-1387]--[@b21-tcrm-12-1387]

For the treatment of extra-articular tibial defects, intramedullary nailing is currently the gold standard.[@b10-tcrm-12-1387],[@b22-tcrm-12-1387] SYNTHES (SYNTHES AG GmbH, DePuy Synthes Companies, Zuchwil, Switzerland) special antibiotic-coated nails were introduced in 2005 as a universal intramedullary implant for tibial fractures. Up to 2011, over 100 patients were treated with unreamerd tibia Nail (UTN) PROtect or Expert Tibia Nail (ETN) PROtect™. ETN PROtect (DePuy Synthes Companies, Zuchwil, Switzerland) consists of an alloy of titanium, aluminum, and niobium and is coated with an absorbable poly ([d]{.smallcaps}, [l]{.smallcaps}-lactide) (PDLLA) matrix in which gentamicin sulfate is incorporated. According to the manufacturer, the ETN PROtect is intended for use in open fractures (Gustilo--Anderson Grade I to III), revision surgeries after infection, after polytrauma and in immunosuppressed patients.[@b3-tcrm-12-1387]

Gentamicin is an antibiotic of the aminoglycoside group.[@b23-tcrm-12-1387],[@b24-tcrm-12-1387] Its spectrum of action covers most Gram-negative bacteria as well as *Staphylococcus aureus*.[@b24-tcrm-12-1387] Therefore, its active spectrum includes the most common bacterial strains involved in infections after orthopedic surgeries or following open fractures,[@b25-tcrm-12-1387]--[@b27-tcrm-12-1387] namely staphylococcus species, which was found in 50%--80% of infections in an orthopedic setting.[@b19-tcrm-12-1387],[@b27-tcrm-12-1387] However, gentamicin is potentially nephrotoxic and ototoxic, and renal function should be monitored during the time of systemic administration.[@b28-tcrm-12-1387],[@b29-tcrm-12-1387] Contraindications for the systemic administration of gentamicin are current pregnancy, inner ear damage, renal insufficiency, myasthenia gravis, and co-medication with other nephrotoxic or ototoxic drugs. Furthermore, a known allergy against gentamicin is a contraindication for use.

Although gentamicin would be suitable for treating osteitis,[@b18-tcrm-12-1387] it is not a standard drug for systemic antibiotic prophylaxis in orthopedic surgery because of serious dose-dependent side effects and a small therapeutic index.[@b14-tcrm-12-1387],[@b23-tcrm-12-1387] A systemic administration of gentamicin is limited to cases of serious infections, when other antibiotics do not work. To hinder complications, therapeutical drug monitoring of gentamicin levels in serum is established.

It has already been shown in experimental research that locally administrated gentamicin does not influence bone healing in a negative way.[@b30-tcrm-12-1387] However, it is not known if gentamicin-coated implants cause a relevant systemic exposure to gentamicin. If so, possible contraindications and side effects have to be considered before surgery, and renal function should be monitored after implantation. Previously, we observed a successful application in patients at risk for infection.[@b3-tcrm-12-1387]

In this study, we investigated how safe ETN PROtect is in a clinical setting, especially its systemic impact, nephrotoxic side effects, and allergenicity. Therefore, gentamicin levels were determined in serum samples taken before and after implantation of ETN PROtect.

Patients and methods
====================

Patients
--------

This study was conducted in accordance with the Declaration of Helsinki.[@b31-tcrm-12-1387] All individuals followed the study protocol. The study was approved by the ethics committee of the Ruprecht-Karls-University of Heidelberg (S-636/2011). Patients (n=24) underwent implantation of ETN PROtect/gentamicin-coated tibia nails between March 2012 and August 2014 at our clinic, and were included in the study. Patients were over the age of 18 and gave formal written consent for surgical treatment. Due to fracture of the nail, one patient had to undergo two operations within an interval of 8 months, and both times a coated nail was used. From this patient at both operations tissue and blood samples were collected; therefore in total 25 cases (n=25) from 24 different patients were taken into account.

Serum samples
-------------

Peripheral blood samples were drawn over a period of 1 year following a standardized time pattern, as seen in [Figure 1](#f1-tcrm-12-1387){ref-type="fig"}.

Blood was taken by venipuncture (S-Monovette^®^; SARSTEDT, Nümbrecht, Germany) followed by centrifugation for 10 minutes at 15°C at 3,000 rpm in a Rotixa 50 RS (Fa. Hettich, Tuttlingen, Germany). Supernatant was pipetted into 1.5 mL Eppendorf^®^ reaction vessels and a minimum of 0.6 mL was aliquoted to each vessel. Serum samples were stored at −80°C and only transported once on dry ice for measurement.[@b32-tcrm-12-1387],[@b33-tcrm-12-1387]

Analysis of serum samples was performed in the central laboratory of the Heidelberg University Hospital. Gentamicin concentrations were determined in thoroughly thawed serum samples using the Siemens ADVIA Centaur Gentamicin assay with a Siemens Advia Centaur XPT (Siemens Healthcare Gmbh Eschborn, Germany). Gentamicin quantitation was achieved by a competitive immunoassay using direct chemiluminescent technology -- acridinium ester-labeled gentamicin derivative in the reagent for a limited amount of monoclonal mouse anti-gentamicin antibody, which was coupled to paramagnetic particles in the solid phase (REF 05223979; Siemens Healthcare Diagnostics, Erlangen, Germany). Using this method, the lowest possible detectable level of gentamicin was 0.2 mg/L. Literature indicates that doses below 2.0 mg/L seems to be harmless.[@b34-tcrm-12-1387],[@b35-tcrm-12-1387]

Markers of renal retention and inflammation
-------------------------------------------

Urea and creatinine were examined as markers of renal retention. For inflammation, C-reactive protein (CRP) and leukocyte count were used. These parameters were gathered from routine controls before and after the operation and were accessible through patient charts. An initial burst of gentamicin was expected as noted in previous literature; therefore, we analyzed relevant laboratory parameters up to 6 days after the operation.[@b36-tcrm-12-1387],[@b37-tcrm-12-1387]

Statistics
----------

Mean values of laboratory parameters for all patients at different time points were descriptively analyzed. Standard deviations (SDs) for the assessed parameters and range were described.

Results
=======

Patients' characteristics
-------------------------

Patients demographic details are shown in [Table 1](#t1-tcrm-12-1387){ref-type="table"}. The dates of the blood collections for each patient are given in [Table 2](#t2-tcrm-12-1387){ref-type="table"}. Body mass index in the patients' cohort ranged from 18.75 to 52.16 kg/m^2^. The mean body mass index was 30.81 kg/m^2^ with an SD of 7.23 kg/m^2^.

Measurement of gentamicin levels
--------------------------------

We were not able to detect gentamicin levels higher than the lowest detectable level of 0.2 mg/L in any of the 139 serum samples.

Evaluation of markers for renal retention and inflammation markers
------------------------------------------------------------------

The preoperative mean values of the collected laboratory parameters were 31.80 mg/dL with an SD of 5.82 mg/dL for urea, 0.95±0.14 mg/dL for creatinine, 7.53±2.22 nL^−1^ for leukocyte count, and 8.29±9.21 mg/L for CRP. Except for CRP, which has an upper reference range limit of 5 mg/L, all initial values were within the reference range.

On average, the concentration of urea in patients' serum decreased from 32.22±13.00 mg/dL on the first day after operation to 19.67±3.43 mg/dL on the second day. It leveled between 25.00±7.29 mg/dL and 18.00±7.48 mg/dL on the following days ([Figure 2](#f2-tcrm-12-1387){ref-type="fig"}).

The average creatinine levels increased from the time before the operation (0.95±0.15 mg/dL) to the first day after the operation (1.04±0.24 mg/dL), but dropped below the initial value on the following days, except on the fifth postoperative day (0.98±0.17 mg/dL) ([Figure 3](#f3-tcrm-12-1387){ref-type="fig"}).

In one patient, renal retention markers showed a noticeable increase: creatinine level rose from 1.1 mg/dL pre-operatively to 1.4 mg/dL (reference range \<1.3 mg/dL) postoperatively, the urea level likewise from 37 to 55 mg/dL (reference range \<45 mg/dL). This was the only sample in which urea and creatinine levels above the upper reference range limit were detected.

CRP as a marker of inflammation showed on average an increase from 8.29±9.21 mg/L (reference range \<5 mg/L) preoperatively to 47.29±19.51 mg/L on the first day, 72.66±23.48 mg/L on the second, and 82.96±66.41 mg/L on the third day postoperatively. A significant decrease was already apparent on the fourth day at 41.01±24.75 mg/L. Subsequently, average CRP values approached the initial value. Several patients showed a CRP above 100 mg/L, mostly on the second or third day after the operation, but all showed declining infection parameters and a decrease within 1 or 2 days thereafter. The highest registered CRP value was 183.3 mg/L ([Figure 4](#f4-tcrm-12-1387){ref-type="fig"}).

The mean leukocyte count preoperatively was 7.53±2.22 nL^−1^; on the first postoperative day, it was 9.30±2.27 nL^−1^. It declined in the following days, but stayed within the reference range.

Leukocyte count differed from the reference range of 4--10 nL^−1^ in some patients. One patient showed intermittent leukopenia preoperatively as well as postoperatively. Six other patients showed slight leukocytosis as high as 12.74 nL^−1^ ([Figure 5](#f5-tcrm-12-1387){ref-type="fig"}). These values normalized within 1--2 days.

All patients could be released within 15 days after surgery, with declining infection parameters. No allergic reactions or serious side effects were observed.

Discussion
==========

In this prospective observational study with 25 patients treated with ETN PROtect, we confirmed that gentamicin-coated nails do not release gentamicin above the lowest detectable level of 0.2 mg/dL into the systemic circulation.

The major strengths of this study are its prospective approach and the inclusion of serum samples from the first day after implantation. Osteitis and osteomyelitis are feared complications of orthopedic surgery. Metallic implants are especially prone to infections.[@b8-tcrm-12-1387],[@b11-tcrm-12-1387] Routine prophylaxis involves the perioperative administration of antibiotics, but this has the downside of systemic side effects and the danger of insufficient doses of antibiotics at the operation site.[@b4-tcrm-12-1387],[@b38-tcrm-12-1387] An alternative is the local application of antibiotics through drug-coated implants like ETN PROtect. The gentamicin sulfate (up to 20--50 mg) incorporated in the amorphous PDLLA matrix is released in an initial burst followed by a continuous phase, as in vivo and in vitro experiments have shown.[@b37-tcrm-12-1387] We were able to demonstrate successful treatment with ETN PROtect in patients with increased risk for infections in the clinical setting.[@b3-tcrm-12-1387] Local application of gentamicin has been proven successful and effective in the prophylaxis of infection.[@b1-tcrm-12-1387],[@b18-tcrm-12-1387],[@b37-tcrm-12-1387],[@b39-tcrm-12-1387] Local concentrations high enough for prophylaxis do not affect bone healing in a negative way.[@b30-tcrm-12-1387] But, in order to increase patient safety and adequately educate patients preoperatively on the risks and effects of the treatment with ETN PROtect, we need to know if a systemic effect is possible. Consequences could be an indication for therapeutic drug monitoring and monitoring of renal function after implantation.

A serious rise of CRP above 200 mg/L within a few hours would have been suspicious for severe inflammation or bacterial infection.[@b40-tcrm-12-1387] Since all increased CRP values remained below 200 mg/L and declined within a short period of time, there were no signs of postoperative infections.[@b41-tcrm-12-1387],[@b42-tcrm-12-1387] Leukocytosis is not only a sign of chronic inflammation, but also a sign of metabolic crisis, acute blood loss, acute hemolysis as well as pain or the body's reaction to stress.[@b43-tcrm-12-1387] We have observed the change in inflammation markers due to trauma during surgery.[@b42-tcrm-12-1387],[@b44-tcrm-12-1387] We could observe a slight average increase of urea and creatinine that remained within the standard range. Generally, urea may rise due to fever, trauma, hypovolemia, or a catabolic state of metabolism.[@b42-tcrm-12-1387],[@b45-tcrm-12-1387] Creatinine is primarily a sign of acute renal dysfunction, possibly severe blood loss, damages due to drugs, hemolysis, and chronic renal damage.[@b42-tcrm-12-1387] Both parameters can rise to values above the upper reference range limit shortly after a surgery, due to trauma and blood loss. Altogether, the analysis of laboratory parameters showed changes matching a physiological response to surgical trauma.

One patient showed a conspicuous change in creatinine and urea. Infection parameters were also increased, but clinical course of the patient was inconspicuous. Ten days after the operation, renal retention markers were controlled and had returned to the initial value. The patient was released 14 days after surgery, with declining infection parameters. The patient's records showed a medical history of hypercholesterolemia, overweight, heartburn, back pain, and burnout, but no renal diseases. Preoperative and postoperative medication included analgesics (Voltaren^®^, Novalgin^®^), proton-pump inhibitor (Pantozol^®^ 40), low-molecular-weight heparin (Clexane^®^ 60 subcutan), and single-shot antibiotic Zinacef^®^ (cefuroxime) as prophylaxis during surgery. Due to the fact that no gentamicin was detectable in the patient's blood and renal injury is dose-dependent, we, as well as the attending physicians, do not link the deviation in laboratory parameters to the release of gentamicin. Furthermore, we could not see any clinical signs of renal failure, such as a decrease in urine production, edema, or pleural effusions. We see the intraoperative application of cefuroxime as the cause for the changes in the renal retention markers. Manufacturer's specifications and the literature indicate that cefuroxime as well as gentamicin can induce acute renal failure.[@b46-tcrm-12-1387],[@b47-tcrm-12-1387] Overall, no severe side effects occurred, which could be linked to systemic gentamicin exposure.

In the course of this prospective, observational study, we were able to confirm that gentamicin-coated nails do not release gentamicin into the systemic circulation above the lowest detectable level of 0.2 mg/dL. Our findings suggest that no relevant amount of gentamicin for causing a systemic effect is released into the systemic circulation, although in vivo studies showed high local concentrations of gentamicin on the implant site.[@b11-tcrm-12-1387],[@b18-tcrm-12-1387],[@b30-tcrm-12-1387] This fits our observation that no severe side effects could be linked to implantation. Postoperative monitoring of renal function does not seem necessary after implantation of ETN PROtect. Furthermore, no allergic reactions were observed during our study.

The most important strength of this study is its prospective approach. Furthermore, we not only measured gentamicin levels, but also analyzed parameters for infection and renal failure. One advantage of our study is that we were able to take serum samples before operation and on the first day after the operation. In vivo and in vitro studies showed that the release of gentamicin from PDLLA-coating occurs in an initial burst so one can state that evidence of gentamicin in the systemic circulation is most likely seen within hours or on the first day after implantation.[@b37-tcrm-12-1387] Fuchs et al already tried to detect gentamicin in serum samples but only analyzed samples from follow-ups on days 4 and 7, week 5, and months 3 and 6 after implantation.[@b11-tcrm-12-1387] This could still be improved by analyzing blood samples directly after implantation. Further point for criticism can be that there are more sensitive tools for detecting the actual plasma levels of gentamicin such as high-performance liquid chromatography. However, a study by Walenkamp et al on gentamicin-coated beads could not prove systemic side effects for gentamicin levels up to 0.4 μg/mL; therefore, we consider 0.2 μg/mL to be sensitive enough.[@b48-tcrm-12-1387]

Conclusion
==========

Our findings suggest that no relevant amount of gentamicin is released into the circulation that could cause a systemic effect. We conclude that serious side effects due to systemic gentamicin release by gentamicin-coated tibia nails are not to be feared. Postoperative monitoring of renal function does not seem necessary because of the implantation of ETN PROtect. In our opinion, ETN PROtect is an important strategy for infection prophylaxis and safe in clinical use.
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###### 

Patient demographics

  Patients   N    Sex   Age   Fracture      Localization   Previous infection   Previous surgeries                         
  ---------- ---- ----- ----- ------------- -------------- -------------------- -------------------- --- --- ---- --- ---- ------
  All        25   7     18    50.92±12.00   13             1                    2                    8   6   19   6   19   3.92

###### 

Dates (dd/mm/yy) of blood collection for gentamicin detection for each patient

  Number   Sex   Age, years   Preoperative   After 1 day   After 2 days   After 1 week   After 2 weeks   After 4 weeks   After 6 weeks   After 3 months   After 6 months   After 1 year
  -------- ----- ------------ -------------- ------------- -------------- -------------- --------------- --------------- --------------- ---------------- ---------------- --------------
  \#1      M     57           28.03.12       29.03.12      03.04.12       10.04.12       17.04.12        10.05.12        31.05.12        12.07.12         04.10.12         
  \#2      M     40           13.04.12       14.04.12      19.04.12       23.04.12       26.04.12        10.05.12        31.05.12        19.07.12         18.10.12         18.04.13
  \#3      F     60           19.04.12       20.04.12      24.04.12                                      10.05.12        31.05.12        19.07.12         18.10.12         18.04.13
  \#4      M     54           02.05.12       04.05.12      07.05.12       10.05.12       14.05.12        31.05.12        12.06.12        24.07.12         23.10.12         16.04.13
  \#5      F     58           04.06.12       06.06.12      08.06.12       11.06.12       14.06.12        05.07.12        19.07.12        06.09.12         13.12.12         06.06.13
  \#6      M     75           20.06.12       22.06.12                     26.06.12       02.07.12        19.07.12        02.08.12        13.09.12         06.12.12         20.06.13
  \#7      M     47           11.07.12       13.07.12      17.07.12       19.07.12                       09.08.12        24.08.12        04.10.12         10.01.13         
  \#8      M     74           15.08.12       23.08.12                     30.08.12       03.09.12                                                                          
  \#9      M     33           28.08.12       30.08.12                     05.09.12                       11.10.12                        22.11.12         21.02.13         22.08.13
  \#10     F     47           05.09.12                     10.09.12       14.09.12                                                       08.01.13         02.04.13         
  \#11     M     57           18.09.12       26.09.12                     05.10.12       10.10.12                                                                          
  \#12     M     30           20.09.12                     25.09.12       28.09.12                       25.10.12                        20.12.12         18.03.13         
  \#13     F     43           28.11.12       30.11.12                                                                    15.01.13        05.03.13         11.06.13         10.12.13
  \#14     M     57                          05.12.12                     07.12.12                                                       28.02.13         13.06.13         05.12.13
  \#15     M     51           10.12.12       13.12.12                     17.12.12                                       24.01.13        07.03.13         22.08.13         30.01.14
  \#16     F     56           12.12.12       14.12.12                     17.12.12                                       29.01.13        12.03.13         16.07.13         04.02.14
  \#17     F     42           21.12.12       28.12.12                     02.01.13                                                                                         
  \#18     M     54           05.04.13       10.04.13                     11.04.13                       02.05.13        16.05.13        27.06.13         29.08.13         03.04.14
  \#19     M     46           19.08.13       22.08.13                     27.08.13                                                                                         
  \#20     M     51           29.08.13       03.09.13                     09.09.13       12.09.13                        17.10.13                                          
  \#21     F     43           30.08.13       04.09.13                     10.09.13                       26.09.13                                                          
  \#22     M     33           09.01.14       11.01.14                     17.01.14       22.01.14                                                                          
  \#23     M     72           23.01.14       28.01.14                     31.01.14                                                                                         
  \#24     M     35           25.04.14       06.05.14                                                    27.05.14                                         04.11.14         15.09.15
  \#25     M     63           29.07.14       06.08.14                     15.08.14                                                                                         

**Abbreviations:** F, female; M, male.
